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■  La2Cu04  perovskite  catalysts  are 
prepared  and  tested. 

i  The  promoter  Y,  Ce,  Mg,  Zr  can  improve 
the  performance  of  perovskite 
catalysts. 

■  The  perovskite  catalysts  show  high 
selectivity  for  methanol. 

.  The  conversion  of  C02  depends  on 
the  surface  area  of  metallic  Cu. 
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A  series  of  La-M-Cu-Zn-0  (M  =  Y,  Ce,  Mg,  Zr)  based  perovskite-type  catalysts  are  prepared  by  sol-gel 
method  and  characterized  by  XRD,  BET,  TPR,  N20-adsorption,  XPS  and  TPD  techniques.  The  results 
indicate  that  all  the  catalysts  exhibit  La2CuC>4  perovskite  structure.  The  addition  of  Ce,  Mg  and  Zr  lead  to 
smaller  particles,  lower  reduction  temperature,  higher  Cu  dispersion,  larger  amount  of  hydrogen 
desorption  at  low  temperature  and  more  amount  of  basic  sites.  However,  Y  has  less  affects  on  the 
physicochemical  properties.  The  catalysts  derived  from  perovskite-type  precursors  show  high  selectivity 
for  methanol,  which  is  correlated  with  the  Cu“+  species  that  exists  in  the  reduced  catalysts.  More 
exposed  Cu  surface  area  is  favorable  for  high  C02  conversion. 
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1.  Introduction 

Carbon  dioxide  emissions  from  fossil  fuels  combustion  and 
other  human  activity  are  considered  as  the  main  causes  for  global 
warming.  Various  strategies  have  been  developed  and  imple¬ 
mented  to  reduce  the  carbon  dioxide  emissions  [1—4],  As  carbon 
dioxide  is  also  a  renewable,  non-toxic  and  cheap  feedstock  for 
many  chemical  processes,  the  chemical  conversion  of  C02  into 
value-added  chemicals  and  fuels  is  very  attractive  and  has  been 
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recognized  as  one  of  the  most  effective  and  economical  ways  to  fix 
and  utilize  large  amount  of  CO2.  CO2  hydrogenation  to  methanol  is 
an  important  process  that  offers  challenging  opportunities  for 
sustainable  development  in  energy  and  environment  since  meth¬ 
anol  can  be  used  as  solvent,  alternative  fuel,  and  feedstock  in  the 
chemical  industry  [5],  Based  on  the  great  significance  of  methanol 
synthesis  from  CO2  hydrogenation,  the  concept  of  “methanol 
economy”  was  also  proposed  [6], 

Various  catalytic  systems  have  been  investigated  for  CO2  hydro¬ 
genation  to  methanol.  Traditional  Cu/ZnO  catalysts  derived  from  co¬ 
precipitation  method  are  considered  to  be  the  most  effective  cata¬ 
lyst  that  has  been  studied  for  many  years  [7,8],  However,  several 
important  problems  still  remain  opened,  such  as  the  working  oxida¬ 
tion  of  copper  and  the  reaction  mechanism  [9],  In  addition,  the  low 
activity  and  stability  of  catalysts,  which  are  partly  attributed  to  Cu 
sintering  accelerated  by  the  presence  of  the  byproduct,  water  vapor, 
create  major  barriers  for  practical  application  [  10  ].  In  order  to  improve 
the  performance  of  the  catalytic  system,  many  promoters  such  as  Al, 
Mn,  Zr,  Cr,  Ga,  B  and  rare  earth  metals  have  been  studied  [  7,10—16],  It  is 
found  that  the  catalysts  with  higher  Cu  dispersion,  easier  reduction 
property  and  better  adsorption  properties  for  relative  gases  could 
achieve  better  catalytic  performance  for  methanol  synthesis  [10], 

Recently,  much  attention  has  been  paid  to  perovskite-type  oxides 
as  catalysts  due  to  their  high  activity  and  thermal  stability.  With  the 
general  formula  of  ABO3  (A-site  is  a  larger  rare  earth  and/or  alkaline 
earth  cation  and  B-site  is  a  smaller  transition  metal  cation),  the  high 
dispersion  of  “metal-on-oxide”  catalysts  can  be  realized  by  reduction 
of  perovskite-type  precursors  [15],  The  metallic  elements  are  stable 
in  the  perovskite  structure  when  the  radii  meet  the  tolerance  factor 
t  =  (ta  +  re)/2(rfi  +  ro)  (0.75  <  t  <  1 ),  so  it  is  possible  to  prepare  multi- 
component  perovskite-oxides  by  partial  substitution  of  A-site  and/or 
B-site  cations.  In  such  a  structure,  the  A-site  keeps  the  structure  and 
the  B-site  provides  the  catalytic  activity  site.  B-site  cations  could  be 
reduced  to  well  dispersed  metallic  species  supported  on  the  A-site 
cations  oxide,  which  leads  to  ideal  catalyst  precursors  for  many  re¬ 
actions  that  involve  metal  as  active  sites  [  17  ].  With  this  structural 
characteristic,  the  well-dispersion  of  the  active  sites  of  the  catalyst 
can  be  obtained.  Besides,  perovskite-type  A2BO4  mixed  oxides  with 
the  I<2NiF4  structure,  consisting  of  alternating  layers  of  ABO3 
perovskite  and  AO  rock  salt,  have  also  been  studied  [18]  which 
exhibit  variable  oxygen  stoichiometry.  Therefore,  the  replacement  of 
A-site  and/or  B-site  cations  by  other  metal  cations  often  results  in  the 
formation  of  crystal  microstrain  and  adjustable  activity  [19],  For 
example,  the  La2Cu04  nanofiber  was  used  for  methanol  reforming  to 
CO2  and  H2  which  showed  excellent  performance  [20],  The  partial 
substitution  of  Co  by  Cu  in  the  LaCo03  structure  favored  the  CO 
hydrogenation  to  higher  alcohols  [21],  and  partial  substituting  of  La 
at  the  A-site  by  Sr  in  La-Ni-Co-0  or  La-Co-0  perovskite-type 
oxide  exhibited  promising  activity  and  high  stability  for  reforming 
of  CH4  with  CO2  [22,23],  However,  little  work  on  the  application  of 
Cu-based  perovskite-type  oxides  for  C02  hydrogenation  has  been 
investigated.  In  the  present  work,  a  series  of  La-M— Cu— Zn-0 
(M  =  Y,  Ce,  Mg,  Zr)  based  perovskite-type  catalysts  were  prepared 
and  tested  for  CO2  hydrogenation  to  methanol,  the  influence  of  the 
fourth  elements  on  the  perovskite  structure,  the  relationship  be¬ 
tween  the  physico-chemical  property  and  the  catalytic  performance 
of  as-prepared  catalyst  were  discussed. 

2.  Experimental 

2.1.  Catalyst  preparation 

The  La— M— Cu— Zn— O  (M  =  Y,  Ce,  Mg,  Zr)  perovskite-type  oxides 
were  prepared  by  sol— gel  method  using  citric  acid  as  complexing 
agent.  Adequate  amounts  of  the  precursor  salts  (La(NC>3)3-nH20, 


La203>44%;  Y(N03)3-6H20;  Cu(N03)2-3H20;  Zr0(N03)2-2H20; 
Zn(N03)2  -6H20;  Ce(N03)3-6H20;  Mg(N03)2-6H20)  along  with  cit¬ 
ric  acid  were  dissolved  in  deionized  water  at  a  molar  ratio  of  2:1 
(metal  cations:citric  acid).  The  solution  was  heated  to  353  K  to 
remove  the  water,  and  then  increased  to  423  K  for  4  h.  The  resulting 
powder  was  calcined  under  air  at  673  I<  for  2  h  and  then  at  1073  K 
for  4  h.  LaCuo.7Zno.3Ox,  Lao.8Yo.2Cuo.7Zno.3Ox,  Lao.8Mgo.2Cuo.7Zno  jOx, 
Lao.8Ceo.2Cuo.7Zno.3Ox,  and  Lao.8Zro.2Cuo.7Zno.3Ox  samples  were 
prepared,  of  which  the  subscripts  were  the  nominal  composition. 
The  catalysts  were  then  denoted  as  LCZ-173,  LYCZ-8273,  LMCZ- 
8273,  LCCZ-8273  and  LZCZ-8273,  respectively. 

2.2.  Characterization  of  catalysts 

Powder  X-ray  diffraction  (XRD)  patterns  were  recorded  on  a 
Panalytica  X’Pert  Pro  X-ray  diffractometer  with  Cu  Ka  radiation.  The 
data  of  2d  from  10°  to  90°  were  collected  with  a  step  size  of  0.05°. 

The  surface  area  of  samples  was  determined  by  N2  adsorption- 
desorption  at  liquid  nitrogen  temperature  77.30  K,  using  a  Micro- 
meritics  Tristar  3000  instrument.  Sample  degassing  was  carried  out 
at  473  K  prior  to  acquiring  the  adsorption  isotherm.  The  special 
areas  were  calculated  from  the  isotherm  using  the  Brunauer- 
Emmett— Teller  (BET)  method. 

The  dispersion  of  Cu  (Dcu)  and  exposed  Cu  surface  area  (Scu) 
were  determined  by  dissociative  N2O  adsorption  and  carried  out  on 
a  Micromeritics  AutoChem  2920  instrument.  The  catalyst  (0.15  g) 
was  first  reduced  in  5%  H2/Ar  mixture  (30  mL  min-1)  for  2  h  at 
623  K,  and  the  amount  of  hydrogen  consumption  was  denoted  as  X. 
Then,  the  reduced  sample  was  cooled  to  338  K  and  isothermally 
purged  with  Ar  for  30  min,  after  which  the  sample  was  exposed  to 
N2O  (85  mL  min-1)  for  1  h  to  ensure  complete  oxidation  of  the 
metallic  copper.  The  sample  was  then  flushed  with  Ar  to  remove 
the  N2O  and  cooled  to  room  temperature.  Finally,  a  pulse  of  pure  H2 
was  passed  over  the  catalyst  at  623  K.  The  surface  CU2O  was 
reduced  in  the  pulse  of  pure  H2,  and  the  amount  of  consumed  H2 
was  denoted  as  Y.  The  dispersion  of  Cu  and  exposed  Cu  surface  area 
of  the  catalyst  were  calculated  by  the  equation  (1)  [24]  and  equa¬ 
tion  (3)  [25] 

2  Y 

Dcu=xxl00%  (1) 

nCu  =  2Y  (2) 

Scu  =  (nCu  x  N)/(l.4  x  1019  x  w)  (m2g-1)  (3) 

where  Dqu  is  the  dispersion  of  Cu,  W  is  the  weight  of  the  reduced 
catalyst,  Scu  is  the  exposed  copper  surface  area  per  gram  catalyst, 
ncu  is  the  molar  number  of  copper,  N  is  Avogadro’s  constant 
(6.02  x  1023  atoms  mol-1),  and  1.4  x  1019  is  the  number  of  copper 
atoms  per  square  meter  [24,25], 

The  morphology  of  the  samples  was  investigated  using  a 
FETXL30  S-FEG  scanning  electron  microscope  (SEM)  with  an 
accelerating  voltage  of  10.0  kV. 

X-ray  photoelectron  spectroscopy  (XPS)  measurements  were 
performed  over  a  Kratos  XSAM800  spectrometer  equipped  with  Al 
Ka  radiation  (12  kV  x  15  mA,  hv  —  1486.6  eV)  under  ultrahigh 
vacuum  (10-7  Pa).  The  binding  energies  were  calibrated  internally 
by  adventitious  carbon  deposit  C(ls)  with  Et  —  284.6  eV  (accuracy 
within  ±0.1  eV). 

Temperature  program  reduction  (TPR)  was  carried  out  in  a  U- 
tube  quartz  reactor.  The  sample  (50  mg)  was  purged  with  Ar 
(30  mL  min-1 )  for  1  h  at  423  K  to  remove  physically  adsorbed  water 
and  then  reduced  in  the  flow  of  5  vol.%  H2  +  Ar  (30  mL  min-1)  at  a 
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heating  rate  of  5  K  min-1  up  to  873  K.  A  thermal  conductivity  de¬ 
tector  (TCD)  was  used  to  monitor  the  consumption  of  H2. 

The  adsorption  property  of  H2  for  the  studied  sample  was 
measured  by  H2  temperature-programmed  desorption  (H2-TPD). 
The  catalyst  was  first  reduced  at  623  K  in  a  H2  flow  of  30  mL  min-1 
for  2  h.  After  cooling  to  room  temperature,  the  catalyst  was  satu¬ 
rated  with  pure  H2  (30  mL  min-1)  at  318  K  for  60  min  and  then 
flushed  with  an  Ar  flow  (40  mL  min-1)  to  remove  all  physical 
adsorbed  molecules.  Afterward,  the  TPD  experiment  was  started 
with  a  heating  rate  of  10  K  min-1  under  an  Ar  flow  (40  mL  min-1), 
and  the  change  of  the  hydrogen  signal  was  monitored  by  a  TCD  and 
quantitatively  calibrated  by  H2  pulses. 

The  basicity  of  the  catalyst  was  measured  by  C02  temperature- 
programmed  desorption  (C02-TPD)  and  was  performed  in  the  same 
way  as  that  of  H2-TPD;  the  only  difference  was  that  the  desorbed 
C02  was  detected  by  a  BALZER  mass  spectrometer.  The  C02  peak 
area  was  quantitatively  calibrated  by  injecting  C02  pulses. 


2.3.  Evaluation  of  catalysts 


Activity  measurements  in  the  hydrogenation  of  C02  were  car¬ 
ried  out  in  a  continuous-flow,  high-pressure,  fixed-bed  reactor. 
Catalyst  (2.0  g,  40—60  mesh)  diluted  with  quartz  sand  (60  mesh) 
was  placed  in  a  stainless  steel  tube  reactor.  Prior  to  reaction,  the 
catalyst  was  reduced  in  pure  H2  at  a  flow-rate  of  80  mL  min-1  under 
atmospheric  pressure.  The  reduction  temperature  was  pro¬ 
grammed  to  increase  from  room  temperature  to  623  K  and  main¬ 
tained  at  623  K  for  8  h.  The  reactor  was  then  cooled  to  room 
temperature.  After  reduction,  the  activity  of  the  catalyst  sample  in 
the  C02  hydrogenation  process  was  determined  under  reaction 
conditions  of  523  K,  5.0  MPa,  n(H2):n(C02)  =  3:1,  GHSV  =  3600  h-1. 
The  steady— state  activity  values  were  quoted  as  the  average  of  two 
different  analyses  taken  after  24  h  on  the  stream  operation.  Gas 
products  were  quantitative  analyzed  on-line  with  a  gas  chro¬ 
matograph  equipped  with  a  thermal  conductivity  detector  (TCD, 
TDX-01  column)  and  a  flame  ionization  detector  (FID,  Carbosieve 
column).  The  liquid  of  water  and  methanol  were  determined  off¬ 
line  by  a  Porapak  Q  column.  The  C02  conversion  and  the  carbon- 
based  selectivity  for  CH3OH  and  CO  were  calculated  by  an  inter¬ 
nal  normalization  method.  The  space  time  yield  (STY  ch30h)>  which 
gives  the  amounts  of  CH3OH  produced  per  gram  catalyst  per  hour, 
is  defined  as  the  equation  (4): 


stych3oh 


WT  xX(CH3OH) 
t  x  m 


(4) 


where  Wt  is  the  total  weight  of  the  CH3OH  and  H20  product; 
X(CH3OH)  is  the  mass  fraction  of  CH3OH;  t  is  the  reaction  time;  m  is 
the  weight  of  the  catalyst. 


3.  Results  and  discussion 

3.1.  Textural  and  structural  properties  of  the  prepared  materials 

The  X-ray  diffraction  patterns  of  the  perovskite-type  catalysts 
are  shown  in  Fig.  1.  It  can  be  seen  that  the  orthorhombic  perovskite 
structure  (A2B04)  with  high  degree  of  crystallinity  of  the  La2Cu04 
(JCPDS  #  82-2142)  is  the  main  phase  for  all  samples.  Moreover,  two 
small  peaks  at  28  =  35.6°  and  38.9°  ascribed  to  the  CuO  phase 
(JCPDS  #  89-5899)  present  in  all  samples.  The  weak  peak  at 
28  =  36.3°  attributed  to  the  ZnO  phase  (JCPDS  #  80-0075)  appears 
in  all  samples  except  LMCZ-8273.  Doping  of  different  elements  lead 
to  different  changes  for  each  sample,  e.g.  for  LCCZ-8273,  new  peaks 
assigned  to  Ce70i2  (JCPDS  #  89-8431 )  can  be  observed  at  28  —  27.9°, 
32.4°,  46.4°.  In  addition,  for  LZCZ-8273,  a  diffraction  peak  appears 


20/O 


Fig.  1.  XRD  patterns  of  the  perovskite-type  catalysts:  (□)  La2Cu04;  (*)  CuO;  (♦) 
La2Zr207;(«)Zn0;(v)Ce70,2. 


at  28  —  28.6°  which  can  be  ascribed  to  pyrochlore  La2Zr207  (JCPDS  # 
71-2362).  However,  no  new  phases  containing  Mg  and  Y appear  in 
the  sample  of  LMCZ-8273  and  LYCZ-8273  which  might  be  due  to 
the  highly  dispersion  of  Mg  and  Y. 

With  the  formation  of  new  phases  for  the  samples  of  LCCZ-8273 
and  LZCZ-8273,  the  intensity  of  the  La2Cu04  diffraction  peak  de¬ 
creases  and  the  LZCZ-8273  sample  shows  the  weakest  diffraction 
peak  for  La2Cu04.  However,  Mg  seems  to  have  a  special  effect  on  the 
structure  since  the  peak  of  ZnO  disappears  for  the  LMCZ-8273 
sample. 

The  crystallographic  parameters  of  the  prepared  materials  were 
calculated  by  employing  least-squares  refinement,  assuming  an 
orthorhombic  crystal  system  for  the  samples,  and  the  results  are 
listed  in  Table  1.  The  introduction  of  the  fourth  component  leads  to 
a  certain  degree  of  changes  of  the  lattice  parameters.  It  can  be  seen 
that  all  the  lattice  parameters  a,  b  and  c  were  lower  than  those  of 
LCZ-173  which  can  be  attributed  to  the  shrinkage  of  the  La2Cu04 
due  to  the  introduction  of  the  fourth  elements.  The  mean  grain  size 
of  La2Cu04  calculated  by  the  Scherrer  equation  shows  that  the 
particles  size  of  the  La2Cu04  decreased  remarkably  upon  intro¬ 
duction  of  Ce,  Zr,  Mg  (except  Y). 

The  physicochemical  properties  of  the  calcined  catalysts  are 
summarized  in  Table  2.  The  BET  surface  area  for  all  calcined  sample 
are  rather  low  (Sbet  <  3  m2  g-1)  which  is  common  for  perovskite- 
type  of  materials  [17],  It  can  be  seen  that  the  LZCZ-8273  has  the 
highest  specific  surface  area,  while  the  LYCZ-8273  and  the  LCZ-173 
have  the  lowest  specific  surface  area.  Moreover,  the  exposed  Cu 
surface  area  and  the  Cu  dispersion  measured  by  N20  adsorption 
have  the  same  tendency.  The  LZCZ-8273  shows  the  highest  Cu 
surface  area  (Scu)  and  the  best  dispersion  of  copper  (Dqj).  The 
physicochemical  properties  of  LYCZ-8273  are  similar  to  that  of  the 


Table  1 

The  lattice  parameters  of  the  perovskite-type  catalysts. 


Samples 

parameters  (A) 

Volume  (A3) 

Size  of  La2Cu04 

a 

b 

c 

crystallites  (run) 

LCZ-173 

5.365 

5.409 

13.170 

383.8 

95.6 

LCCZ-8273 

5.350 

5.392 

13.137 

381.8 

31.9 

LMCZ-8273 

5.352 

5.400 

13.157 

380.6 

22.5 

LZCZ-8273 

5.356 

5.404 

13.149 

379.0 

24.0 

LYCZ-8273 

5.359 

5.363 

13.127 

377 3 

84.5 
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Table  2 

The  physiochemical  properties  of  the  calcined  perovskite-type  catalysts. 

Samples  Sbet  (m2  g  ')  Dispersion3  (%)  Scu  (m2  g  ') 


LCZ-173  0.7  53 

LCCZ-8273  1.3  8.5 

LMCZ-8273  1.2  8.5 

LZCZ-8273  2.3  8.6 

LYCZ-8273  0.7  4.5 


3  Calculated  from  N20  dissociative  adsorption. 


Fig.  2  shows  the  SEM  images  of  different  catalysts.  It  can  be  seen 
that  all  the  samples  are  in  the  form  of  irregular  particles.  The 
quantitative  analysis  of  obvious  particle  size  for  each  catalyst  was 
obtained  with  the  program  SmileView  based  on  the  SEM  data 
(Fig.  SI).  The  LCCZ-8273,  LMCZ-8273,  LZCZ-8273  have  more  small 
particles  (about  0.4— 0.6  pm)  compared  with  the  LCZ-173  and  LYCZ- 
8273.  The  results  indicate  that  the  introduction  of  Ce,  Mg  or  Zr 
favors  the  formation  of  small  particles,  while  the  Y  may  have  less 
effect  on  the  particle  size,  which  is  consistent  with  the  results  of  the 
XRD  analysis. 


LCZ-173  which  indicates  that  the  influence  of  the  Y  doping  is 
negligible. 

Generally,  the  replacement  would  be  more  likely  to  happen 
between  the  elements  with  similar  radius,  same  valence  state  as 
well  as  same  coordination  numbers  in  the  structure.  As  a  result,  it  is 
easy  for  Ce  to  substitute  La  at  the  A  site  of  the  perovskite-type 
structure  due  to  the  similarity  of  the  ionic  radii  of  the  two  ions  in 
12-fold  coordination  (1.36  A  for  La3+,  1.34  A  for  Ce3+  and  1.14  A  for 
Ce4+)  [26],  The  replacement  probably  induces  a  structural  disorder 
and  thus  hinders  the  crystallite  growth,  leading  to  higher  specific 
surface  area  [27],  Because  the  characters  of  Y3+  are  almost  the  same 
with  La3+,  the  Y  substitution  will  also  occur  in  the  A-site  which 
causes  less  change  for  the  structure.  As  Zr  is  introduced,  a  pyro- 
chlore  structure  (La2Zr207)  is  formed  and  become  clearly  observed 
in  the  XRD  pattern  which  may  result  in  a  good  chemical  stability  for 
the  system  [28],  The  La2Zr2C>7  is  mainly  composed  of  octahedral 
ZrC>6  as  net  structure  with  La3+  filled  in  the  gap  of  the  octahedral 
ZrC>6  [29].  As  a  result,  the  LZCZ-8273  possesses  the  largest  specific 
surface  area  which  provides  space  for  better  dispersion  of  copper 
species.  Moreover,  since  it  is  very  likely  that  Zr  substitutes  a  part  of 
La  in  the  sample,  it  causes  the  decreasing  of  diffraction  peak  in¬ 
tensity  of  the  La2CuC>4.  As  for  the  LMCZ-8273,  the  valence  state  as 
well  as  the  ionic  radii  for  6-coordination  (0.72  A  for  Mg2+,  0.73  A  for 
Cu2+,  0.74  A  for  Zn2+)  of  the  Mg  is  the  same  as  Cu  and  Zn  [26], 
Therefore,  Mg  might  have  stronger  influence  on  the  B-site  of  the 
perovskite-type  oxide. 


3.2.  XPS  investigations 

The  reduced  perovskite-type  catalysts  are  analyzed  by  XPS,  and 
the  binding  energies  (BE)  of  Zn2p3/2,  La3ds/2  as  well  as  the  surface 
compositions  of  the  catalysts  are  presented  in  Table  3.  According  to 
the  literature,  La3ds/2  features  in  perovskite  structure  are  located  at 
837.5  and  834.3  eV  [27,30]  which  are  close  to  the  values  of  pure 
lanthana  at  837.8  and  834.4  eV,  indicating  that  lanthanum  ions  are 
present  in  the  trivalent  form.  A  slight  shift  in  the  La3ds/2  binding 
energy  is  observed  upon  introduction  of  the  fourth  elements  and 
the  values  are  in  the  range  of  837.86-838.01  eV  and  834.06- 
834.36  eV,  respectively.  Small  differences  may  relate  to  the  changes 
in  crystal  structure  and/or  electronic  structure.  In  addition,  small 
changes  are  also  observed  for  the  binding  energy  of  Zn  at  around 
1021.7  eV  for  different  samples. 

All  the  BE  of  Cu2p3/2  are  located  at  ca  932.4  eV  which  is  the 
characteristic  peak  of  reduced  Cu+/Cu°  species.  Though  the  BE  of 
the  Cu2p3/2  band  in  the  Cu°  (932.6  eV)  and  in  Cu+  (932.4  eV)  are 
almost  the  same,  they  can  be  distinguished  by  the  different  kinetic 
energy  of  the  Auger  Cu  LMM  line  position  in  metal  (918.6  eV),  Cu+ 
(916.7  eV)  or  in  Cu2+  (917.9  eV)  [8[.  The  Auger  electron  spectros¬ 
copies  of  Cu  LMM  of  reduced  samples  are  shown  in  Fig.  3.  It  can  be 
seen  that  a  broad  peak  appears  in  the  range  of  915.0  eV— 920.0  eV 
for  all  samples,  which  apparently  cannot  distinguish  the  Cu+,  Cu2+ 
and  Cu°.  However,  the  peaks  at  around  918.6  eV  are  distinct  for  all 
samples.  A  new  peak  appears  at  around  911.2-914.3  eV,  lower  than 
that  of  Cu+,  is  observed  and  can  be  defined  as  peak  a,  implying  that 


Fig.  2.  SEM  images  of  the  catalysts:  (a)  LCZ-173,  (b)  LCCZ-8273,  (c)  LMCZ-8273,  (d)  LZCZ-8273,  (e)  LYCZ-8273. 


Table  3 

XPS  parameters  of  the  studied  samples. 
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Samples  Binding  energy  (eV) 


concentration  of  metal  (%)'' 


LCZ-173  837.89  834.15 

LCCZ-8273  837.92  834.06 

LMCZ-8273  837.87  834.36 

LZCZ-8273  838.01  834.26 

LYCZ-8273  837.86  834.23 


1021.67  453(50) 

1021.71  453(40) 

1021.34  37.6(40) 

1021.78  50.5(40) 

1021.69  39.1(40) 


a  Values  in  parentheses  are  nominal  concentration  normalized  to  the  total  metal  content. 


39.9(35) 

31.4(35) 

38.9(35) 

25.6(35) 

40.9(35) 


Zn 


14.8(15) 

15.6(15) 

11.5(15) 

14.5(15) 

10.7(15) 


M 


Ce:  7.7(10) 
Mg:  12.0(10) 
Zr:  9.4(10) 

Y:  9.3(10) 


Cua+  exists  in  the  perovskite  system.  The  specific  Cu°  and  vague 
Cu+  is  important  for  the  catalysts  e.g.  the  presence  of  Cu+  may 
accelerate  the  reduction  of  CO2  to  CO  (RWGS)  according  to  Fujita 
et  al.  [31  ].  While  the  Cua+  (not  Cu2+,  Cu1+,  Cu°)  plays  an  important 
role  for  the  methanol  synthesis  from  CO2/H2  as  reported  by  F.  Arena 
etal.  [32,33], 

The  X-ray  photoelectron  spectroscopies  of  the  fourth  elements 
in  the  reduced  samples  are  shown  in  Fig.  4.  Seven  binding  energy 
peaks  can  be  observed  for  the  LCCZ-8273,  i.e.  882.4/888.7/898.3  eV 
ascribed  to  Ce4+  3ds/2,  907.4/916.2  eV  assigned  to  Ce4+  3d3/2, 
884.5  eV  attributed  to  Ce3+  3ds/2  species  and  900.6  eV  ascribed  to 
Ce3+  3d3/2  [34],  which  suggests  that  both  Ce3+  and  Ce4+  exist  in  the 
LCCZ-8273  and  the  4+  oxidation  state  is  predominant.  The  result 
agrees  with  the  XRD  analysis.  Since  the  highest  valence  state  of  Ce 
exists  in  the  LCCZ-8273,  it  can  be  speculated  that  part  of  the  elec¬ 
trons  transformed  from  Ce  to  Cu  in  the  perovskite  structure.  For  the 
sample  of  LMCZ-8273,  the  BE  of  Zn2p3/2  is  much  lower  than  that  of 
LCZ-173,  and  the  BE  of  Mg2p  shifts  from  49.8  eV  in  theory  [35]  to 
49.2  eV  (Fig.  3).  Combining  the  analysis  of  XRD,  it  can  be  speculated 
that  Mg  and  Zn  species  have  strong  interaction  with  each  other  or 
with  other  elements  in  the  perovskite  structure.  For  LZCZ-8273,  the 
binding  energy  of  183.4  eV  and  181.3  eV  can  be  assigned  to  the 
Zr3d2/5  and  its  satellite,  which  are  very  close  to  the  value  of  that  of 
La2Zr2C>7  [36].  It  indicates  that  the  Zr  in  the  sample  exists  in  the 
phase  of  La2Zr2C>7,  which  is  consistent  with  the  XRD  analysis.  For 
LYCZ-8273,  the  BE  for  Y3d5/2  (BE  =  156.7  eV)  changes  a  little 
compared  with  that  in  theory  (156.6  eV)  [37], 

The  surface  compositions  of  the  nominal  compositions  of  the 
catalysts  are  also  listed  in  Table  3.  It  can  be  seen  that  the  fourth 
element  had  different  influences  on  the  surface  compositions.  The 
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Kinetic  energy  (eV) 


Fig.  3.  Cu  LMM  Auger  electron  spectroscopy  of  (a)  LCZ-173;  (b)  LCCZ-8273;  (c)  LMCZ- 
8273;  (d)  LZCZ-8273;  (e)  LYCZ-8273  samples  after  reduce. 


enrichment  of  Cu  and  depletion  of  Zn  and  La  occurred  for  the 
catalyst  of  LCZ,  and  this  feature  was  kept  when  Mg  and  Y  were 
introduced. 


3.3.  The  reducibility  of  the  catalysts 

In  order  to  assess  the  reduction  behavior  of  the  catalysts,  TPR 
measurements  were  carried  out  (Fig.  5).  It  can  be  seen  that  all 
samples  exhibited  a  broad  reduction  peak  in  the  temperature  range 
of  503—630  K  which  can  be  attributed  to  the  reduction  of  copper 
species.  No  other  reduction  peaks  are  observed.  In  order  to  have 
more  insight  into  the  TPR  results,  the  profiles  were  deconvoluted 
into  several  Gaussian  peaks.  The  low-temperature  peak  [1  may  due 
to  the  reduction  of  dispersed  copper  species,  and  the  peak  y  at  the 
high-temperature  may  be  attributed  to  the  reduction  of  bulk  cop¬ 
per  species.  The  peak  a  at  even  lower  temperature  can  be  ascribed 
to  the  well-dispersed  copper  species  in  the  samples  [38],  The  peak 
positions  and  their  contribution  are  summarized  in  Table  4.  Obvi¬ 
ously,  compared  with  LCZ-173,  the  reduction  temperature  is  low¬ 
ered  and  the  concentration  of  species  which  can  be  easily  reduced 
increases  for  all  the  samples  with  the  addition  of  the  fourth 
element,  indicating  that  the  doped  elements  improve  the  reduc¬ 
ibility  of  the  sample.  For  the  LCCZ-8273  sample,  the  peak  a  shifts  to 
much  lower  temperature  and  the  peak  y  even  disappears.  For  the 
sample  of  LZCZ-8273,  three  obvious  reduction  peaks  are  observed 
which  is  in  accordance  with  the  textural  and  structural  properties 
of  the  largest  specific  surface  area  and  well  dispersion  of  the  copper 
species.  While  LYCZ-8273  displays  the  higher  reduction  tempera¬ 
ture  originated  from  larger  amount  of  bulk  copper  species  due  to 
the  larger  particles  as  illustrated  by  SEM  and  XRD.  Y  has  poor  in¬ 
fluence  on  the  perovskite  structure  which  leads  to  fewer  changes 
for  the  reduction  property  of  the  sample. 

3.4.  H2-TPD 

Table  5  shows  the  desorption  temperature  and  H2  desorption 
amount  for  each  sample  derived  from  H2-TPD  tests.  It  can  be  seen 
that  the  H2  desorption  occurs  at  a  temperature  of  around  405  I<  and 
700  K.  The  peak  at  about  405  K  represents  the  desorption  of  atomic 
hydrogen  on  the  surface  of  Cu  site  [39].  With  the  addition  of  the 
fourth  element,  the  desorption  peak  at  low  temperature  shifts  to 
even  lower  temperature,  and  the  amount  of  hydrogen  desorbed 
increases  compared  with  that  of  LCZ-173.  The  increasing  trend  of 
the  amount  of  desorbed  atomic  hydrogen  at  low  temperature  is 
consistent  with  that  of  the  reduction  temperature  of  the  peak  a 
derived  from  TPR  results  which  might  because  the  lower  the 
reduction  temperature  is,  the  more  atomic  hydrogen  can  be 
absorbed  on  the  surface  of  Cu  sites.  It  is  worth  stressing  that  only 
the  H2  desorbed  at  lower  temperature  is  useful  since  the  methanol 
synthesis  from  CO2/H2  often  happens  below  623  K.  In  other  words, 
proper  adsorption  strength  of  atomic  hydrogen  is  beneficial  for  the 
CO2  hydrogenation  to  methanol  [40], 
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Fig.  4.  The  XPS  spectra  of  Ce3d,  Mg2p,  Zr3d  and  Y3d. 


The  desorption  peak  which  appeared  at  a  high  temperature  can 
be  ascribed  to  the  strongly  adsorbed  hydrogen  from  the  copper 
species  in  the  bulk  phase  or  on  the  ZnO  phase.  The  site  of  the 
adsorption  may  be  the  Cu+— O— Zn2+.  It  was  reported  that  the  CuO 
and  the  ZnO  can  retain  the  hydrogen  because  hydrogen  can 
transport  from  the  surface  copper  to  the  bulk  copper  species  or/and 
ZnO  via  spillover  [39,41,42], 


Fig.  5.  The  TPR  profiles  of  the  catalysts. 


The  amount  of  desorbed  hydrogen  from  both  low  and  high 
temperatures  increases  with  the  doping  of  the  fourth  elements 
which  indicates  that  the  modified  samples  could  promote  the 
hydrogen  adsorption  of  the  catalysts. 

3.5.  The  surface  basicity  of  the  catalysts 

Fig.  6  shows  the  CO2  desorption  profiles  of  the  reduced  catalysts, 
and  the  distribution  of  different  adsorption  sites  are  listed  in 
Table  6.  Two  desorption  peaks,  the  weak  (at  around  400  K)  and  the 
strong  basic  (at  around  550  K)  sites,  are  observed  which  might 
originate  from  the  OH"  groups  and  the  coordinatively  unsaturated 
02~  ions  [43], 

Obviously,  the  introduction  of  Ce,  Zr  and  Mg  improves  the  for¬ 
mation  of  both  the  weak  basic  sites  and  the  strong  basic  sites.  The 
addition  of  Ce  and  Zr  lead  to  a  considerable  increasing  of  the  strong 
basic  sites  which  might  associate  with  the  higher  net  electronic  of 
the  perovskite  structure  that  results  in  more  low  coordination  ox¬ 
ygen  atoms.  The  basicity  of  the  mixed  oxide  increased  through  the 
formation  of  Ce4+— 02~  and  Zr4+— O2-  acid— base  pairs  [44],  Upon 
addition  of  Y,  a  small  amount  of  strong  basic  sites  are  found  while 
the  weak  basic  sites  and  the  total  basic  sites  decreased. 

3.6.  Catalytic  performance 

The  catalytic  performance  for  reduced  perovskite-type  catalysts 
are  summarized  in  Table  7.  It  is  found  that  the  LZCZ-8273  shows  the 
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Table  4 

Center  of  reduction  peaks  and  their  contribution  to  the  TPR  pattern  over  the  studied 
samples. 

Sample  The  peak  position  [temperature  (K)]  and  concentration  (%)'! 


Table  6 

The  basicity  calculated  from  C02-TPD  data. 

Samples  Adsorption  type  and  distribution  based  in  C02— TPD  dataa 
Peak  a  Peak  [i  Total 


LCZ-173  -  591(78.4) 

LCCZ-8273  495(12.8)  560(87.2) 

LMCZ-8273  556(36.5)  573(44.4) 

LZCZ-8273  546(9.0)  573(75.5) 

LYCZ-8273  557(9.8)  577(76.8) 


618(21.6) 

603(19.1) 

611(15.5) 

609(13.4) 


a  Values  in  parentheses  are  the  contributions  (%)  of  each  species. 


LCZ-173  1.00  0 

LCCZ-8273  1.51  1.60 

LMCZ-8273  1.12  0.28 

LZCZ-8273  1.27  1.39 

LYCZ-8273  0.59  0.32 


1.00 

3.11 


a  The  amount  of  basicity  of  LCZ-1 73  was  assigned  as  1 .0  and  compared  with  other 
samples. 


le  desorption  temper 


:  of  desorbed  H2  for  reduced  catalysts. 


Samples  T]  (K)  H2  desorption  T2  (K)  H2  desorption 

(pmolg*1)  (pmolg-1) 


LCZ-173  411  15.49 

LCCZ-8273  408  21.03 

LMCZ-8273  400  19.37 

LZCZ-8273  403  19.41 

LYCZ-8273  406  15.72 


716 


63.03 

184.50 

101.09 

102.62 

170.75 


highest  CO2  conversion  and  the  maximum  yield  of  methanol 
despite  the  lowest  selectivity  among  all  the  samples.  The  LMCZ- 
8273  shows  the  highest  methanol  selectivity  and  the  LCCZ-8273 
shows  moderate  CO2  conversion  and  methanol  selectivity.  The 
lowest  CO2  conversion  and  less  improvement  for  methanol  selec¬ 
tivity  are  observed  for  LYCZ-8273. 

The  varying  of  the  CO2  conversion  had  the  same  tendency  as  the 
surface  area  of  copper  (Fig.  7),  indicating  more  surface  copper 
existing  in  the  catalysts  may  lead  to  higher  activity  e.g.  the  copper 
species  are  the  active  sites  for  CO2  hydrogenation  to  methanol 
[10,11,14,32,39].  Other  phases  affect  the  catalytic  performance  by 
influencing  the  dispersibility,  reducibility,  adsorbability  of  the 
copper  species. 

It  is  noteworthy  that  all  catalysts  show  promising  CH3OH 
selectivity,  especially  for  LMCZ-8273.  The  order  of  the  selectivity  to 
CH3OH  is  as  follows:  LMCZ-8273  >  LCCZ-8273  >  LYCZ-8273  >  LCZ- 
173  >  LZCZ-8273.  The  relationship  between  CH3OH  selectivity  and 
the  binding  energy  of  the  Auger  peaks  (peak  a)  for  all  samples  is 


Table  7 

The  catalytic  performance  for  methanol  synthesis  from  C02  hydrogenation  over  the 
reduced  catalysts. 


Samples 


C02  Selectivity  (C-mol%) 


(%) 


CH3OH  CO 


CHX 


CH3OH  yield  TOF(Cu)  x  103 
(g  gcat-1  h-1)  (s-1) 


LCZ-173  6.4  57.9  39.5  2.5  0.05  65.1 

LCCZ-8273  8.1  63.3  34.9  1.7  0.08  48.9 

LMCZ-8273  9.1  65.2  33.0  1.8  0.09  52.0 

LZCZ-8273  12.6  52.5  46.0  1.4  0.10  68.0 

LYCZ-8273  5.0  59.6  37.0  3.5  0.04  55.7 


Reaction  conditions:  n(H2)/n(C02)  =  3:1 


T  =  523  K,  P  =  5.0  MPa,  GHSV  =  3600  h-1 


shown  in  Fig.  8.  It  can  be  seen  that  as  the  binding  energy  of  the  peak 
a  shifts  to  lower  value,  higher  CH30H  selectivity  is  observed.  Since 
the  presence  of  the  Cu+  accelerates  the  reduction  of  CO2  to  CO 
(RWGS),  it  can  be  derived  that  the  farther  away  from  916.6  eV  (the 
binding  energy  of  Cu+  in  Cu  LMM)  for  the  peak  a,  the  higher  the 
CH3OH  selectivity  can  be  obtained,  suggesting  that  the  Cua+  had  a 
strong  effect  on  the  selectivity  for  methanol.  As  discussed  above, 
doping  of  Mg  leads  to  the  proper  oxide  state  of  copper  that  results 
in  the  best  selectivity  for  methanol.  For  LCCZ-8273  and  LYCZ-8273, 
Ce  and  Y  substitute  La  in  the  A-site  with  the  same  charge  (3+)  and 
similar  ionic  radius  which  produces  more  defects  in  the  perovskite 
structure  that  cause  the  special  oxide  state  for  copper  species.  With 
the  special  structure  of  La2CuC>4  perovskite,  the  high  dispersed 
copper  species  can  be  realized  and  stronger  physical  and  electric 
interaction  between  the  copper  and  other  metal  oxides  can  be 
obtained  which  may  lead  to  the  formation  and  stabilization  of 
the  copper  species  with  special  valence  [45],  However,  for  the 


TG(%)  g  <f3‘  C02Conversion(%)  n1!5’  Selectivity  for  methanol  (%) 
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Binding  energy  of  Cua+(eV) 

The  relationship  between  methanol  selectivity  to  methanol  and  binding  energy 


LZCZ-8273 


Time  on  stream  (h) 


).  The  long-term  stability  test  of  LZCZ-8273  catalyst  for  312  h.  Reaction  condi- 
:  n(H2)/n(C02)  =  3:1,  T  =  523  K,  P  =  5.0  MPa,  GHSV  =  3600  hr'. 


LZCZ-8273,  the  formation  of  lanthanum  zirconium  pyrochlore  has 
little  influence  on  the  perovskite  structure  but  a  great  influence  on 
the  content  of  La2Cu04  perovskite  which  may  lead  to  the  lowest 
selectivity  of  methanol. 

The  turnover  frequency  (TOF),  which  represents  the  number  of 
C02  molecules  hydrogenated  in  a  unit  site  per  second  (s_1),  is 
calculated  from  the  exposed  copper  surface  area  for  the  perovskite- 
type  catalysts  (Table  7).  The  TOF  values  of  the  perovskite-type 
catalysts  were  very  high  compared  with  other  systems  [11,34], 
indicating  the  better  efficiency  for  copper  atoms  on  perovskite-type 
catalysts. 

The  long-term  reaction  results  are  showed  in  Fig.  9.  It  can  be 
seen  that  the  LZCZ-8273  sample  is  stable  after  312  h  of  running. 
During  the  whole  test  time,  the  catalyst  showed  a  stable  yield  of 
methanol  without  obvious  deactivation.  Since  the  decreasing  of 
CO2  conversion  could  be  caused  by  carbon  deposition,  the  ther- 
mogravimetric  method  was  carried  out  to  study  the  carbon  depo¬ 
sition  over  LZCZ-8273  (Fig.  10).  It  can  be  seen  that  there  is  a  little 
weight  losses  at  the  temperature  higher  than  660  K  that  may  be 
associated  to  the  decomposition  of  coke  and/or  carbon  filaments 
present  on  the  catalyst  surface  [46],  The  carbon  element  analyses 
revealed  that  the  fresh  and  the  used  catalyst  present  the  carbon 
content  of  0.18%  and  1.51%,  respectively. 

4.  Conclusions 

A  series  of  La-M-Cu-Zn-0  (M  =  Y,  Ce,  Mg,  Zr)  catalysts 
derived  from  perovskite-type  precursors  were  prepared  via  sol-gel 
method.  The  results  show  that  all  the  catalysts  are  La2CuC>4  (A2BO4) 
perovskite  structure.  With  the  addition  of  Ce,  Mg  and  Zr,  catalysts 
with  smaller  particles,  lower  reduction  temperature,  higher  Cu 
dispersion,  larger  amount  of  hydrogen  desorption  at  low  temper¬ 
ature  as  well  as  higher  concentration  of  basic  sites  are  obtained. 
Such  perovskite  catalysts  also  provide  regular  dispersion  and  spe¬ 
cial  oxide  state  for  copper  species  after  reduction,  which  lead  to 
improve  methanol  selectivity.  The  excellent  methanol  selectivity 
originates  from  the  special  copper  valence  which  presents  in  the 
perovskite  structure  after  reduction,  the  C02  conversion  is  in  cor¬ 
relation  with  the  surface  area  of  metallic  copper  which  in  the 
reduced  catalyst. 
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